BACKGROUND AND PURPOSE: CHARGE syndrome is a genetic disorder resulting in the association of multiple congenital anomalies. Although a high prevalence of olfactory anomalies in CHARGE syndrome has been reported in autopsy and functional studies, to our knowledge, such anomalies have not been included among the diagnostic criteria, and their radiographic prevalence has not been assessed. The purpose of this research was to determine the radiographic prevalence of olfactory anomalies in a small sample of subjects with diagnosed CHARGE syndrome.
C
HARGE syndrome is a genetic disorder with an estimated incidence from 1/8500 1 to 1/12,000 2 live births and has been shown to be correlated to an alteration of the CDH7 gene in 2/3 of the neonates. 3 It was initially described as a nonrandom association of multiple congenital anomalies by Hall 4 in 17 children with choanal atresia and was independently described by Hittner et al 5 in 10 patients with coloboma. In a later study of 12 patients, Pagon et al 6 united these 2 associations under the acronym CHARGE, describing the 6 diagnostic features including the following: ocular Coloboma, Heart defects, choanal Atresia, Retarded growth and/or development, Genital anomalies, and characteristic Ear anomalies.
The definition of CHARGE syndrome continues to evolve as authors update the list of diagnostic criteria. 7, 8 Blake et al 7 added cranial nerve anomalies to the list of major criteria, emphasizing the frequency of such anomalies as facial palsy (VII), sensory neural hearing loss (VIII), and swallowing difficulties (IX, X). 9 He also modified the status of characteristic ear anomalies, including them among the major criteria, and he added a host of less specific but frequent minor criteria.
Verloes
8 designated semicircular canal defects as a major criterion, distinguishing them from the other ear anomalies.
Congenital anomalies of the olfactory structures in patients with CHARGE syndrome have been reported, 6, 10, 11 and a literature review indicates that olfactory dysmorphism and dysfunction are a crucial part of this malformative syndrome. [10] [11] [12] [13] [14] However, because olfaction is difficult to evaluate in neonates and young children, this anomaly has been largely underestimated. In this study, we assessed the degree and prevalence of olfactory anomalies detected on MR imaging examinations in a small sample of subjects with diagnosed CHARGE syndrome.
Materials and Methods
Institutional review board approval (IRB #G06-12-046) was obtained for a retrospective study of all patients with clinically proved CHARGE syndrome seen at our institution between 1997 and 2007. All patients were diagnosed as having CHARGE syndrome according to the criteria of both Blake et al 7 and Verloes. 8 Only those patients with high-resolution MR imaging (section thickness Յ3 mm and inplane resolution Յ1 mm) of the anterior fossa in the coronal plane were enrolled in this study, resulting in the inclusion of 10 of the initial 15 patients. Of the 10 patients in this study, 5 were female and 5, male. The cohort comprised 4 neonates (14 -21 days), 2 infants (40 and 42 days), and 4 young children (3-10 years). All MR imaging examinations were performed on a 1.5T unit. When imaging neonates or small infants, we used either a pediatric phased-array head coil or a knee coil, along with the following standard parameters: a coronal T2-weighted turbo spin-echo sequence: section thickness, 3 mm; TR, 10,000 ms; TE, 270 ms; echo-train length, 27; NEX, 2; FOV, 160 ϫ 120 mm; matrix, 256 ϫ 173; and a coronal T1-weighted 3D gradient-echo sequence: partition size, 1.5 mm; TR, 36 ms; TE, minimum; flip angle, 35°; FOV, 22 cm; and matrix, 256 ϫ 192. In the 4 young children, a standard phased-array head coil was used with the following T2 parameters: coronal T2-weighted turbo spin-echo sequence: section thickness, 3 mm; TR, 5400 ms; TE, 99 ms; echo-train length, 11; NEX, 3; FOV, 290 mm; and matrix, 512. Coronal T1-weighted parameters were the same in both age groups.
The MR imaging examinations were consensually reviewed by 3 board-certified and fellowship-trained neuroradiologists (J.B., C.F.E.K., A.P.), who evaluated the status of the olfactory bulbs and sulci as either normal, hypoplastic, or absent. When consensus could not be reached, structures were classified according to a two-thirds majority decision. All other congenital anomalies found in the medical records were documented in a data base. The prevalence (p) of all congenital anomalies was calculated along with the corresponding number of patients (n) and the 2-sided confidence intervals (CI) for a proportion 15 with a 95% confidence level.
Results

Clinical Findings
The prevalence, number of patients, and the 2-sided CIs, with a 95% confidence level for each of the major diagnostic criteria found in the present study, are as follows: semicircular canal hypoplasia or agenesis (p, 86%; n, 7; CI, 0.42-.99); ear defects, including characteristic external ear malformation, ossicular malformations, or chronic serous otitis (p, 90%; n, 10; CI, 0.54 -.99); coloboma of the eye (p, 70%; n, 10; CI, 0.35-.92); choanal atresia (p, 60%; n, 10; CI, 0.27-.86); cranial nerve dysfunction, including facial palsy (p, 50%; n, 10; CI, 0.20 -.28); sensorineural hearing loss (p, 86%; n, 7; CI, 0.42-.99); or swallowing difficulties (p, 40%; n, 10; CI, 0.14 -.73). The prevalence, number of patients, and the 2-sided CIs with a 95% confidence level for each of the minor diagnostic criteria found in the present study are as follows: genital anomalies, including ectopic testicle and/or micropenis (p, 100%; n, 5; CI, 0.46 -1.00); congenital heart defects, including conotruncal and ventricular septal defects (p, 90%; n, 10; CI, 0.54 -.99); retarded growth and/or development (p, 60%; n, 10; CI, 0.27-.86); and palatal-facial clefts (p, 20%; n, 10; CI, 0.035-.56).
Imaging Findings
All 10 patients with CHARGE syndrome had anomalies of the olfactory bulbs and/or sulci (p, 100%; n, 10; CI, 0.65-1.00). The most common MR imaging finding was complete absence of both olfactory bulbs in 8 cases (Fig 1) . There were 2 cases of asymmetrically hypoplastic and absent bulbs (Fig 2) . Olfactory sulci were bilaterally absent in 6 cases (Fig 1) , asymmetrically hypoplastic and absent in 2 cases (Fig 3) , and normalappearing in 2 cases.
Discussion
MR imaging has been proved to be very sensitive in detecting normal olfactory structures in the developing fetus. In a retrospective fetal MR imaging study, the authors determined that T2-weighted coronal sequences were the most sensitive for detecting olfactory bulbs and sulci. Olfactory sulci were routinely detected starting at 30 weeks of gestation with a sensitivity of between 90.9% and 100%. MR imaging showed a posteroanterior development of these sulci, which was confirmed by neuropathologic data. Olfactory bulbs were detected between 30 and 34 weeks of gestation with a sensitivity of 80%-90.9%. 16 The authors noted a discrepancy with a histopathologic study that showed the appearance of the olfactory sulcus to be at approximately the 16th week of gestation.
17
This underestimation of the sensitivity of MR imaging to detect the olfactory sulcus at a younger gestational age could be attributed to the section thickness, which varied between 5 and 3 mm in the previously mentioned study. These data suggest that olfactory structures of neonates or young children should be detectible on high-resolution MR imaging; therefore, their absence or poor visibility should be regarded as pathologic. In the present study, 8 patients had bilateral absence of the olfactory bulbs and 2 patients had absence of 1 olfactory bulb associated with hypoplasia of the other bulb. Although the distinction between hypoplastic and normal bulbs may be difficult in some instances, the complete absence of olfactory bulbs on high-resolution MR imaging is unequivocal. A review of the literature indicates that olfactory anomalies are a crucial feature of CHARGE syndrome. A postmortem study of 7 neonates with CHARGE syndrome revealed the presence of arrhinencephaly in all of the cases. 11 In a postabortion study of 10 severely malformed fetuses with the CHD7 mutation characteristic of CHARGE syndrome, all were found to have arrhinencephaly.
14 In a functional study, authors reported olfaction deficiency in all 14 patients with CHARGE syndrome, and imaging of all 9 patients demonstrated anomalies of the olfactory bulbs and tracts, ranging from agenesis to moderate hypoplasia. 13 In a study of the hypothalamopituitary function of 18 patients with CHARGE syndrome, all were found to have central hypogonadism associated with structural anomalies of the olfactory apparatus on MR imaging. 12 This led the authors to conclude that all patients with CHARGE syndrome have Kallmann syndrome as well.
In the present study, all patients had some degree of olfactory malformation. Such rare anomalies are also commonly observed in holoprosencephaly spectrum and Kallmann-De Morsier syndrome. Holoprosencephaly is a heterogeneous entity of central nervous system anomalies resulting from the impaired midline cleavage of the embryonic forebrain. Like CHARGE syndrome, holoprosencephaly may be associated with choanal atresia [18] [19] [20] and extracranial anomalies thought to be of neural crest origin, including congenital heart defects. [21] [22] [23] Cephalic neural crest cells have also been shown to give rise to the bones and dermal structures of the face 24 and to induce forebrain development in the vertebrate embryo. 25 Hengerer and Strom 26 have advanced the widely accepted mesodermal flow theory of choanal atresia, in which there is excess migration of neural crest cells into the developing nasal septum and posterior choanae, interfering with their normal flow into the craniofacial region, described by Johnston 27, 28 and Johnston and Listgarten. 29 This process may interfere with normal induction of the olfactory structures and the development of craniofacial structures seen in both entities. For example, in severe forms of holoprosencephaly, choanal atresia is associated with agenesis of the ethmoid bone, a neural crest derivative. 22, 23 Without the support of the ethmoid bone, the pterygoid plates collapse inwards, obstructing the choanae. Deficiency of the ethmoid bone or embryologically related structures of the anterior cranium may occur with alterations in the position of the orbits and the configuration of the nose, upper lip, philtrum, mouth, or palate. 24, 22 Anomalies of the midface and central nervous system in infants with CHARGE syndrome or mild forms of holoprosencephaly suggest similarities in pathogenesis. In the present study, 7 of the 10 patients presented with midfacial anomalies, including 2 cases of palatal-facial clefts and 5 cases of choanal atresia.
In the case of CHARGE syndrome, mutations have been identified in the CHD7 gene, a member of the chromodomain helicase deoxyribonucleic acid-binding gene family. 30 This class of proteins is thought to play a role in embryonic development by affecting chromatin structure and gene expression. 31 It has been suggested that the CHD7 protein anomaly probably interferes with the normal control of target genes expressed in mesenchymal cells derived from the cephalic neural crest during early embryonic development. 12 Kallmann-De Morsier syndrome is defined as the association of hypogonadotropic hypogonadism with various degrees of deficiency in the sense of smell due to olfactory bulb aplasia or hypoplasia. 32 The combination of hypogenitalism with abnormal olfactory bulb development also appears to be a common characteristic of CHARGE syndrome. In a review of 18 patients with CHARGE syndrome who had undergone functional testing of the hypothalamopituitary axis and brain MR imaging, all presented with a Kallmann-De Morsier syndrome. 12 The present study confirms this finding with genital anomalies found in all male patients in our series. Kallmann syndrome is thought to result from a deficiency in fibroblast growth factor (FGF) signaling at the earliest stage of olfactory bulb morphogenesis. 33 It has also been suggested that there may be a functional connection between CHD7 and FGF signaling in olfactory bulb differentiation. In particular, it is possible that CHD7 controls the transcription of 1 or several geneencoding proteins involved in FGF signaling. Alternatively, FGF signaling through FGF receptor 1 may control the activity of CHD7 or the rate of transcription of CHD7 in the olfactory bulb primordium. 12 The prevalence values of the major and minor criteria in the present study are in keeping with those that have been reported in the literature, suggesting that the diagnosis of CHARGE syndrome in this group of patients is accurate and that this group of patients is representative of CHARGE syndrome.
Although the number of patients in the present study was relatively small, the CIs for the prevalence of diagnostic criteria indicate a high and significant prevalence for olfactory anomalies in CHARGE syndrome.
Conclusion
This study confirms the high prevalence of olfactory anomalies in CHARGE syndrome, demonstrated in the high-resolution MR images of all subjects of the current series, and suggests that such anomalies are among the most prevalent features of CHARGE syndrome. Because of the clinical difficulties of assessing olfaction in neonates, infants, and young children, radiologists should systematically screen for morphologic anomalies of the olfactory structures when CHARGE syndrome is suspected, thereby playing a crucial role in the diagnosis of this syndrome.
